In the southern Rocky Mountains and Rio Grande rift, rock cooling patterns from apatite fission-track (AFT) data spatially correlate with areas of voluminous middle Tertiary caldera-complex magmatism. We use thermochronology and gravity data to explore lithospheric modification by voluminous middle Tertiary magmatism. These data are not traditionally used to constrain magmatic processes, but in our study area they provide first-order constraints on the degree of mantle dedensification by basalt removal. We show that thermal isostatic responses to middle Tertiary magmatism drove spatially variable rock uplift and thermal perturbations that, coupled with variable exhumation, can explain AFT cooling and rock preservation patterns. We further argue that, if rock uplift exceeded exhumation, then surface uplift combined with magmatic weakening of the lithosphere could have influenced subsequent Neogene extension.
INTRODUCTION
The interval between late Mesozoic to early Tertiary Sevier-Laramide compression and Neogene extension in the western United States is marked by voluminous middle Tertiary silicic volcanism associated with numerous caldera complexes (Lipman and Glazner, 1991) . Tectonic interpretation of this ignimbrite event is controversial (e.g., Armstrong et al., 1969; Gans et al., 1989; Wernicke et al., 1987) , and some ideas involve removal of the Farallon slab (e.g., Humphreys, 1995) . In the southern Rocky Mountains and Rio Grande rift regions, the largest caldera complexesthe San Juan and Mogollon-Datil volcanic fields ( Fig. 1 )-probably represent eroded remnants of a zone of ignimbrites extending from Mexico into southern Colorado (Lipman et al., 1972; Steven, 1975) . This paper combines traditionally distinct geologic and geophysical data sets to constrain the effects of the middle Tertiary ignimbrite flare-up on the buoyancy and thermal state of the lithosphere and on subsequent rock uplift.
We propose that middle Tertiary magmatism between Mexico and central Colorado influenced rock uplift and exhumation on the High Plains as far east as the Texas panhandle (Fig. 2) , and may have influenced the locus of Neogene extension in the region. We present a scenario for lithospheric-buoyancy modification constrained by gravity data, lowtemperature thermochronology, and the distribution of Tertiary igneous and sedimentary rocks. Widespread middle Tertiary extrusions are likely underlain by larger intrusions (Cordell et al., 1985; Johnson et al., 1990; Lipman, 1984) and were sustained by voluminous primary basaltic melts extracted from the mantle (Johnson, 1991) . Basaltic melt extraction can drive rock uplift by modifying lithospheric buoyancy (Dawson, 1987; Jordan, 1979) . We show that in the study region, isostatic rock uplift and thermal perturbations during magmatism explain apatite fission-track (AFT) data and the spatial correlation between zones of middle Tertiary magmatism, rock exhumation, and late Tertiary extension. 
OBSERVATIONS: ROCK COOLING, EXHUMATION, AND MIDDLE TERTIARY MAGMATISM
Middle Tertiary cooling recorded in AFT data (see GSA Data Repository 1 ) (from rocks older than middle Tertiary) in our study area is correlated with regions surrounding 35-20 Ma magmatic centers in New Mexico and southern Colorado (e.g., San Juan, Latir, and Mogollon-Datil volcanic fields; Fig. 2A ). Laramide age (80-45 Ma) cooling dominates to the north, in areas largely unaffected by middle Tertiary caldera-complex magmatism ( Fig.  2A) . The southward-younging trend of AFT cooling in the southern Rocky Mountains and Rio Grande rift regions is mirrored by a northward-younging AFT trend from the Gulf of Mexico toward the middle Tertiary caldera complexes of the Sierra Madre Occidental (Gray et al., 2001 Distributions of Mesozoic and early Cenozoic sedimentary rocks provide clues to middle Tertiary exhumation patterns (Fig. 1B) . Middle Tertiary volcaniclastic deposits likely covered the region following the ignimbrite event and have been since eroded (as suggested by preservation in rift basins; Connell and McIntosh, 2002) . The exhumation of Oligocene and older rocks is apparent when one examines the subcrop of the middle to late Miocene Ogallala Formation, an extensive fluvial and eolian succession. This unit unconformably overlies the late Eocene to Miocene tuffaceous White River and Arikarree Groups in southern Wyoming (the ''Gangplank''; Fig.  1B ) and progressively older rocks to the south (e.g., Permian rocks near Vaughn, New Mexico, and Proterozoic basement in the Pedernal Hills; Fig. 1B ). The base of the Ogallala Formation decreases in age from 17 Ma in the north to 12 Ma in the south. The southward increase in age of rocks underlying this unit, together with AFT data, suggests that between ca. 30-25 Ma and 12-17 Ma, exhumation on the High Plains increased southward (Kelley and Chapin, 1995) . Also, Oligocene intrusive bodies (e.g., Spanish Peaks [ Fig. 2A] and Capitan stocks) with at least 1 km intrusion depths are exposed with ϳ1.5 km relief on the High Plains, indicating 2.5 km of postOligocene exhumation.
Middle Tertiary exhumation thus increases southward (San Juan volcanic field to Sierra Madre Occidental) and from east to west (High Plains to Rio Grande rift), and is greatest in regions recording 30-25 Ma AFT cooling (Fig. 2) . This pattern correlates with southward increasing ignimbrite volume (San Juan to Sierra Madre Occidental volcanic fields) and southward increasing postmagmatic extension (Rio Grande rift to the Basin and Range of southern New Mexico and northern Mexico; Fig. 1 ).
MIDDLE TERTIARY MAGMATISM Buoyancy Modification
Magmatic models for the middle Tertiary ignimbrites are debated, but there is agreement that caldera complexes required basaltic melt extraction from the mantle, interaction of melts with lower crust, and variable crustal melting (Johnson, 1991) . The large volumes of basaltic melt (cumulative sill thicknesses of ϳ10-30 km for the Latir and San Juan volcanic fields; Johnson et al., 1990 ) imply considerable crust and mantle modification (Johnson, 1991; Perry et al., 1993) .
The importance of permanent buoyancy modification is underscored by negative Bouguer gravity anomalies coincident with middle Tertiary caldera complexes ( Fig. 3A ; San Juan volcanic field coincides with the lowest Bouguer anomaly in the United States, ഠϪ345 mgal). Basaltic melt extraction from the mantle implies variable dedensification depending on the depth and fraction of melting (Dawson, 1987; Jordan, 1979) , so the mass deficits driving the gravity lows are likely a combination of modified crust and low-density upper mantle.
Thermal and Isostatic Effects
We hypothesize that buoyancy and thermal perturbations during middle Tertiary magmatism drove rock uplift and influenced exhumation and AFT cooling. Our isostatic calculations follow Lachenbruch and Morgan (1990) , but include a dedensified mantle lithosphere after basalt extraction. To estimate the degree and distribution of mantle dedensification, we exploit constraints from geology and gravity (see footnote one). Except for the San Juan volcanic field (and interior Sierra Madre Occidental), middle Tertiary magmatic centers in the region have undergone variable extension; thus, we focus on the San Juan volcanic field and draw inferences for other regions. Best-fit gravity models across the San (Fig. 2B) . See footnote one in text for model details.
Juan volcanic field (Fig. 3A) require both a ϳ100-km-wide batholith and low-density mantle (Figs. 3B, 3C ; see footnote one). The models constrain the approximate volume of crustal intrusions (ϳ2.3-4.7 ϫ 10 5 km 3 ) and mantle dedensification (ϳ1% for a 200-kmthick North America; Dueker et al., 2001 ; see footnote one).
Assuming local isostasy, we estimate rock uplift by combining the density structure inferred from gravity with a range of thermal perturbations expected during middle Tertiary magmatism. The region of low-density mantle (Fig. 3C) is a proxy for the region of elevated temperatures during and following magmatism. Heat flow in zones of middle Tertiary magmatism remains elevated (Ͼ100 mW/m 2 average; Pollack et al., 1993) , suggesting that anomalously hot mantle may still underlie the southern Rocky Mountains-Rio Grande rift. Assuming that temperatures were elevated starting at 40 Ma for a variable time interval, we explore scenarios in which thermal and isostatic effects drive rock uplift and tilting of isotherms (Figs. 2B and 4; see footnote one). Our model combines isotherm tilting due to magmatically elevated temperatures with tilting due to isostatic response to thermal expansion and buoyancy modification (constrained by gravity). We find that the observed tilt of middle Tertiary ϳ110 ЊC isotherm requires elevated temperatures at the Moho (⌬T Moho ϭ 600 ЊC) and a long-lived source (40 m.y.). (We ignore fault-related effects because of insignificant Tertiary faulting on the High Plains and because flexural wavelengths near the Rio Grande rift are too short to account for tilting over a Ͼ200-km-wide region; e.g., Roy et al., 1999 ; see footnote one.)
DISCUSSION AND CONCLUSIONS
Simple thermal and isostatic models show that ϳ4 km of rock uplift (Fig. 4B) is expected from middle Tertiary magmatism in the San Juan volcanic field (eruption duration ϳ10 m.y.; Lipman et al., 1972) and associated long-lived thermal perturbations (consistent with currently elevated heat flow). Both isostatic rock uplift and tilting of isotherms decrease uniformly within 200-250 km from the magmatic center (Fig. 4) . Extrapolating to other caldera complexes, we suggest that middle Tertiary AFT cooling is consistent with lithosphere modification and rock uplift and exhumation driven by magmatism. For fixed melt fraction, mantle dedensification may scale with melt volume and thus eruptive volume (proxy magmatic volume). Predicted rock uplift is greatest at magmatic centers, and so rock uplift gradients should correlate with magmatic volume gradients. In this context, the southward increase in exhumation from the San Juan volcanic field to the Sierra Madre Occidental corresponds to increasing inferred rock uplift, suggesting a feedback between rock uplift and exhumation.
Turning to possible physiographic effects, we note the high elevation of the southern Rocky Mountains-Rio Grande rift and eastward decay in elevation of the High Plains (resembling a mid-ocean ridge, which led Eaton [1986] to coin the name ''Alvarado Ridge''). This physiography likely results from a complex interplay between erosion and tectonism, although Neogene extension alone cannot explain the 1000 km wavelength of Alvarado Ridge (Roy et al., 1999) . We suggest that middle Tertiary magmatism may have also influenced regional physiography and note that the culmination of Alvarado Ridge is near middle Tertiary magmatic centers, and coincides with greatest rock exhumation, greatest inferred rock uplift, and Neogene extension. If the difference between rock uplift and exhumation scales with rock uplift, then surface uplift will mimic rock exhumation patterns. The timing of regional surface uplift is controversial (Chapin and Kelley, 1997; Chase et al., 1998; Evanoff, 1990) , and our first-order analysis is not a comprehensive spatio-temporal model. We note, however, that if surface uplift accompanied middle Tertiary magmatism, then gravitational potential energy (GPE) may have been greatest near magmatic centers and could have influenced the localization of subsequent extension. This inference is supported by the overlap of the earliest stages of Rio Grande rift extension with the final stages of caldera-complex activity (Chapin and Cather, 1994) . (Note that presentday GPE variations across Alvarado Ridge are sufficient to drive current extension rates; Jones et al., 1996; Townsend and Sonder, 2001 .) Additionally, lithospheric weakening by middle Tertiary magmatism would also influence localization of Neogene extension.
We use diverse data sets (geology, thermochronology, and gravity) to constrain thermal and isostatic effects of buoyancy modification during the middle Tertiary ignimbrite flare-up. The combined gravity, thermal, and isostatic models represent a novel approach to magmatic modification of the lithosphere. We conclude that lithospheric buoyancy modification during middle Tertiary magmatism influenced regional rock uplift, exhumation, and cooling, and possibly surface uplift and Neogene extension. Important directions for future work include coupled regional thermal isostatic-erosion models and understanding the relationship between middle Tertiary lithospheric heterogeneity and the present-day anomalous mantle of the southern Rocky Mountains-Rio Grande rift (Humphreys et al., 2003; Lee and Grand, 1996; Slack et al., 1996; Spence and Gross, 1990) .
